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Aim Osteoprotegerin (OPG) is associated with a poor prognosis in patients with heart failure with preserved ejection fraction (HFpEF). OPG has also been associated with fibrosis and collagen cross-linking, which increase arterial and left ventricle (LV) myocardial stiffness. Little is known about the relation of OPG and LV structure and function in African-Americans who are disproportionately affected by HFpEF.
Methods and results Our analysis included 1172 participants with preserved LV ejection fraction (>50%) from the African-American cohort in the Genetic Epidemiology Network of Arteriopathy Study (mean age 63 years, 72% female). We used diastolic wall strain indicator measured by echocardiography to assess LV myocardial stiffness. Diastolic wall strain was calculated as (LV posterior thickness at end-systole S LV posterior thickness at end-diastole)/LV posterior thickness at endsystole. Associations between OPG levels and indices of arterial and LV structure and function were evaluated by using generalized linear mixed models and adjusted for possible confounders. OPG levels were correlated with age, female sex, presence of hypertension and diabetes, and lower estimated glomerular filtration rate (P < 0.05 for all). Multivariable analysis revealed that higher OPG levels were associated with greater LV mass index, increased LV myocardial stiffness, and higher N-terminal prohormone brain natriuretic peptide levels (P < 0.05 for all).
Conclusion In African-Americans, higher OPG levels were associated with characteristics common in patients with HFpEF and were significantly associated with known precursors to HFpEF. These findings indicate a potential role for OPG in the pathophysiology of HFpEF in AfricanAmericans.
Introduction
The prevalence of heart failure with preserved ejection fraction (HFpEF) has increased by 50% over the past two decades and almost half of patients with heart failure have preserved ejection fraction. 1, 2 Although pharmacological and nonpharmacological therapies have significantly improved survival for patients with heart failure with reduced ejection fraction (HFrEF), therapeutic options for HFpEF patients have not similarly improved outcomes. 2 Identifying effective therapies for HFpEF requires a better understanding of the pathophysiology of this condition. Hypertrophy of the left ventricle (LV) and increased LV myocardial stiffness play important roles in the development of HFpEF. 3, 4 LV myocardial stiffness increases in hypertensive HFpEF patients compared with hypertensive patients without heart failure despite having similar LV mass index. 4 Although these findings suggest that LV myocardial stiffness may be an important factor linking LV hypertrophy and HFpEF, the mechanisms responsible for increased myocardial stiffness in patients with HFpEF are uncertain.
Osteoprotegerin (OPG) is a 60-kDa cytokine in the tumor necrosis factor receptor superfamily, which was originally implicated in bone metabolism as a factor inhibiting catabolism. 5, 6 Of interest, higher OPG levels have been associated with poorer prognoses in patients with HFpEF. 7, 8 However, the mechanisms of this relationship have not been fully elucidated. OPG levels are also associated with LV hypertrophy. 9 In experimental studies, higher OPG levels were associated with vascular and LV fibrosis. 10, 11 Increased interstitial fibrosis contributes to increase in both arterial and LV myocardial stiffness that are closely linked through ventricular-arterial coupling.
African-Americans are reported to have a higher prevalence of HFpEF as well as a worse long-term prognosis compared with whites with HFpEF. 13, 14 However, LV myocardial stiffness has not been adequately studied in African-Americans. Hence, the objective of this study was to investigate the relationships between serum OPG concentration levels and arterial and LV structure and function in the Jackson Cohort of the well-characterized Genetic Epidemiology Network of Arteriopathy (GENOA).
Methods

Study population
The current study was approved by the Institutional Review Board of the University of Mississippi Medical Center and all participants gave informed consent. The study population for this investigation consisted of participants from the Jackson, Mississippi cohort of the GEN-OA study, as reported in detail previously. 15 Briefly, two GENOA cohorts were originally ascertained (1995) (1996) (1997) (1998) (1999) (2000) through sibships, in which at least two siblings had essential hypertension diagnosed prior to age 60 years. All siblings in the sibships were invited to participate in this study, regardless of the status of hypertension. These included African-Americans from Jackson, Mississippi (n ¼ 1854 at the first exam). Of the Jackson Cohort who returned for the second exam (n ¼ 1518), we excluded the following participants from the current study: participants who did not have OPG concentrations measured (194), participants who had LV ejection fraction less than 50% (78), participants whose LV ejection fraction was not measured (380), participants who had LV wall motion abnormalities (34) , and participants whose wall motion was not evaluated (2) . The remaining 1172 participants were included in the study.
Laboratory measurements
At the second exam, blood was collected by venipuncture after an overnight fast and processed by using standardized method. Blood was centrifuged for 10 min at 4 8C, aliquoted in 0.5-1.0 ml volumes of plasma and serum, and stored at À80 8C within 2 h after the venipuncture. Aliquots of frozen blood samples were shipped to Rochester, Minnesota on dry ice. OPG levels were measured in duplicate by using the Meso Scale Discovery immunoassay platform (Gaithersburg, Maryland, USA) as previously described. 16 Intra-assay coefficients of variation were 4.0% at 133 pg/ml and 2.5% at 180 pg/ml and interassay coefficients of variation were 13.3% at 149 pg/ml and 11.3% at 189 pg/ml. 16 N-terminal prohormone brain natriuretic peptide (NT pro-BNP) concentration levels were assessed by using ELISA (SearchLight, Pierce Endogen, Boston, Massachusetts, USA) as previously described. 16 Serum creatinine levels were measured by standard enzymatic methods and estimated glomerular filtration rate (eGFR) was calculated.
17,18
Definition of comorbidities Essential hypertension was defined as first, the average of the second and third SBP readings at least 140 mmHg, or second, the average of the second and third DBP readings at least 90 mmHg, or third, previous diagnosis of hypertension and antihypertensive medication prescribed by a physician to be taken daily during the last month. Diabetes was defined as present if a participant was receiving treatment with insulin, oral agents, or had fasting serum glucose levels at least 126 mg/dl. Coronary artery disease (CAD) was defined as present if a participant had undergone coronary arteriography before and had a narrowing of or obstruction of a coronary artery or had a past history of myocardial infarction.
Echocardiography
In the GENOA Study, standardized echocardiography methods with training and certification were used by field-center technicians to achieve high-quality recordings and analyses. Readings were performed at the echocardiography reading center at New York Presbyterian Hospital-Weill Cornell Medical Center and they were verified by a single, highly experienced investigator under masked conditions of other clinical information. Echocardiographic data were recorded on a videocassette and sent to the reading center, in which measurements were made by using a computerized review station equipped with digitizing tablet and monitor screen overlay for calibration and performance of each measurement. LV internal dimension and interventricular septal and posterior wall thicknesses were measured at end-diastole and end-systole on a twodimensional image in three cardiac cycles according to the recommendations of the American Society of Echocardiography. 19 Calculations of LV mass were made using the following equation as recommended by American Society of Echocardiography
, where LVDd is the LV diastolic dimension, IVSd is the interventricular septum thickness at enddiastole, and PWd is posterior wall thickness at enddiastole. Relative wall thickness (RWT) was calculated as 2 Â (PWd)/LVDd. LV end-diastolic volume, LV endsystolic volume, stroke volume (SV), and LV ejection fraction were calculated from LV diastolic and systolic diameters by using Teichholz method. Peak early mitral E wave velocity, late mitral A wave velocity, the ratio of E wave velocity over A wave velocity (E/A), and deceleration time of E wave velocity were measured from the transmitral pulsed Doppler wave profile. Isovolumic relaxation time (IVRT) was measured as the time from aortic valve closure to the onset of LV inflow. Left atrial diameter at end-systole was measured on two-dimensional image and indexed by body surface area.
Arterial stiffness indicators
Systemic arterial compliance was defined as SV/pulse pressure. 20 Effective arterial elastance was calculated as end-systolic pressure (0.9 Â SBP)/SV.
Left ventricle myocardial stiffness indicators
Diastolic wall strain (DWS) is a recently developed indicator of LV myocardial stiffness. 22 DWS was calculated as (PWs À PWd)/PWs, where PWs is posterior wall thickness at end-systole. DWS can be calculated easily and noninvasively from indices routinely evaluated during echocardiographic imaging, making LV myocardial stiffness easy to assess in a large cohort.
Statistical analysis
Results are expressed as mean AE SD or proportions unless otherwise specified. The associations between OPG concentration levels and several background characteristics were evaluated by using unadjusted generalized linear mixed models (GLMM) to account for covariance among sibships. To examine the relations between OPG levels and LV structure, function, and NT pro-BNP levels, GLMM analyses were performed. In these analyses, we rescaled OPG concentration levels to be per one SD change in OPG.
Scatter plots between OPG levels and LV mass index and between OPG levels and DWS were structured. In addition to unadjusted models, two models were constructed: Model 1, adjusted for age and sex; Model 2 used Model 1 adjustments and past history of hypertension, diabetes, coronary heart disease, current smoking status, and eGFR. All statistical analyses were performed by using SAS version 9.4 (SAS Institute, Cary, North Carolina, USA).
Results
Baseline characteristics
Baseline characteristics of the study participants are presented in Table 1 . Briefly, the study population was composed of 1172 participants following exclusions. Of these, the mean age was 63 years, a majority were women (72%), most were hypertensive (89%), almost one-third were diabetic (28%), and some were current smokers (14%). Serum OPG levels were significantly correlated with older age, female sex, past history of hypertension and diabetes, and lower eGFR (all P < 0.01). These results indicate that higher OPG levels were associated with multiple characteristics also common in patients with HFpEF. Table 2 shows the unadjusted and adjusted Model 1 and Model 2 GLMM regression between OPG levels and arterial stiffness indicators. In all the models, SD increase by one in OPG was significantly associated with a decrease in systemic arterial compliance and an increase in effective arterial elastance (P < 0.01 for both). Thus, OPG was independently and positively associated with arterial stiffness indicators.
Osteoprotegerin and arterial stiffness indicators
Osteoprotegerin and left ventricle structure, function, and N-terminal prohormone brain natriuretic peptide Figure 1 shows the scatter plot between OPG levels and LV mass index (Fig. 1a) and DWS (Fig. 1b) . LV mass index demonstrated a weak but significant positive correlation with OPG (r ¼ 0.20, P < 0.01). DWS demonstrated a weak but negative correlation with OPG (r ¼ À0.22, P < 0.01). Table 3 shows the unadjusted and adjusted Model 1 and Model 2 GLMM regression results. In the unadjusted analysis, a SD increase by one in OPG was significantly associated with an increase in LV mass index, RWT, deceleration time, IVRT, left atrial dimension index, and NT pro-BNP (all P < 0.01). Conversely, OPG was associated with a decrease in E/A ratio and DWS (both P < 0.01). OPG was not significantly associated with LV ejection fraction. After adjusting for age and sex (Model 1), OPG continued to be significantly associated with LV mass index, delayed deceleration time, DWS, and NT pro-BNP (all P < 0.01). In the final Model 2 analysis, adjusting for all covariates of interest (age, sex, history of hypertension, diabetes, coronary artery disease, current smoking, and eGFR), an increase in OPG remained significantly associated with greater LV mass index, prolonged deceleration time, decreased DWS, and elevated NT pro-BNP levels ( Fig. 2) (P < 0.05). These results indicate that higher OPG levels are associated with more severe LV hypertrophy, increased LV myocardial stiffness, and higher heart failure biomarker levels even after adjustment for possible confounding factors.
Discussion
The goal of this study was to determine whether OPG is associated with arterial and LV stiffening and diastolic dysfunction in African-Americans who are disproportionately affected by HFpEF. The main findings of this study were that higher OPG concentration levels were associated with underlying characteristics consistent with HFpEF. Higher serum OPG concentration levels were associated with increased arterial stiffness, greater LV hypertrophy, increased LV stiffness (indicated by DWS), and higher NT pro-BNP levels, even after adjusting for possible confounders. These findings provide important new information that OPG may play an important role in the pathophysiology of HFpEF and also may be useful in linking OPG as a biomarker of risk for the development of HFpEF in African-Americans.
Osteoprotegerin and left ventricular diastolic stiffness Kamimura et al. 957 Blood OPG levels have been linked with acute heart failure. 7, 8, [23] [24] [25] [26] It has been reported that in acute heart failure patients with HFpEF or HFrEF, serum OPG concentration levels were associated with a higher long-term mortality or readmission for acute heart failure within 6 months independently of conventional risk factors. 8 Those risk factors included age, diabetes, ischemic heart failure, LV systolic function, New York Heart Association functional class, eGFR, and serum BNP or Creactive protein at discharge. 8 In that study, patients with higher OPG levels more frequently had preserved ejection fraction and higher BNP levels compared with those with lower OPG levels. OPG levels were significantly associated with a poorer prognosis only in the HFpEF patients after stratification into each heart failure category. Although they showed a relationship between OPG levels and prognosis in HFpEF patients, no mechanistic links were evaluated. In another investigation, higher OPG levels were also associated with a poor prognosis in HFpEF patients 7 ; however, this study also lacked mechanistic links. Our study builds on these studies by showing that higher serum OPG levels were associated with greater LV mass index, increased arterial and LV myocardial stiffness, and higher NT pro-BNP levels. In an additional study, HFpEF patients with increased LV myocardial stiffness had poor prognoses. 27 The results of our study raise the possibility that OPG-mediated arterial and myocardial stiffening may play a significant role in the poorer prognosis in patients with higher OPG levels.
OPG levels were associated with arterial load and stiffness indicators in this study. OPG is reported to increase the expression of intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and E-selectin by endothelial cells and plays a role in endothelial cell survival and neovascularization. 28 In a microscopy study, OPG expression was correlated with the abundance of macrophages in lesions. 29, 30 Recombinant OPG promoted vascular smooth muscle cells proliferation in both rodent cells and humans. 31, 32 Thus, there is accumulating evidence that OPG may be a proatherogenic mediator and atherosclerosis plays a role in arterial stiffening. 33 Moreover, in vascular smooth muscle cells, OPG treatment induced vascular fibrosis. 10 Vascular fibrosis has also been associated with arterial stiffening. 34 Ventriculararterial stiffening is thought to play an important role in pathogenesis of HFpEF. Therefore, our finding that OPG was associated with arterial stiffness as well as LV myocardial stiffness supports the relationship between OPG and HFpEF.
OPG was associated with increased LV myocardial stiffness (DWS) and increased biomarker levels of heart failure (NT pro-BNP) after adjustment for possible confounding factors in this study. DWS correlates with the LV myocardial stiffness indicator made by hemodynamic assessment in animal models. 22 Of note, DWS associates with adverse prognoses in patients with HFpEF whereas the E/e 0 ratio, an indicator central to diastolic evaluation and used to estimate LV filling pressure, was not associated with prognosis after adjustment for age and sex. 27 There are two evolving ideas about the relationships between OPG and LV myocardial stiffness and also increased NT pro-BNP: first, LV myocardial stiffness is increased through ventricular-arterial coupling and second, OPG might be directly associated with fibrosis, which contributes to LV myocardial stiffness. 10, 11 Increased myocardial stiffness is an important determinant of the BNP concentration in patients with HFpEF. 35 OPG levels were also associated with deceleration time in this study. Deceleration time is influenced by LV relaxation, LV diastolic pressures following mitral valve opening, and LV chamber stiffness. 36, 37 LV end-diastolic pressure cannot be estimated from only transmitral inflow indices (such as deceleration time) in those with preserved LV ejection fraction. 38 Although we cannot explain the mechanisms of this association, increased OPG may be associated with impaired LV relaxation or LV elastic recoil, as higher OPG levels were associated with greater LV mass index, LV stiffening, and BNP elevation in these conditions. Usually, LV relaxation or LV elastic recoil is impaired. 1, 39, 40 In this study, OPG levels were associated with characteristics common in HFpEF patients: older age and female sex have been reported to be associated with higher arterial and ventricular stiffness that contribute to the higher prevalence of HFpEF in these groups. 41 Hypertension is also a well-known contributor to the development of HFpEF. 42 Diabetes has been reported to be more frequent in HFpEF than HFrEF 43 and its associations with arterial and ventricular stiffening have been described previously. 44 Renal dysfunction is also highly prevalent in HFpEF. 45 All of these clinical characteristics were associated with higher OPG levels. Hence, our findings showed that participants with higher serum OPG levels had similar characteristics to patients with HFpEF: similar background characteristics and risk factors, LV hypertrophy, and increased arterial and LV myocardial stiffness.
OPG has been associated with CAD as well as collagen production. 46, 47 Thus, there is a possibility that CAD might mediate the results. However, the prevalence of CAD was very low (5%) in this population and we excluded those with LV regional wall motion abnormalities. Furthermore, in the multivariable linear regression analysis, even after adjustment for history of CAD, OPG levels were significantly associated with LV mass index, DWS, and NT pro-BNP levels. Therefore, our findings suggest that the relationships between OPG levels and LV mass index, DWS, and NT pro-BNP were independent of CAD.
The current investigation has a number of strengths. First, this study was performed in African-Americans and contributed important information regarding myocardial stiffness in African-Americans who are disproportionately affected by cardiovascular disease and particularly HFpEF. 13, 14 Another strength of this study is that we used a direct indicator of LV myocardial stiffness rather than indirect measures of diastolic filling. The echocardiographic indices that estimate LV diastolic filling have limitations, including dependency on volume status. 48 Furthermore, to the best of our knowledge, this is the first study to investigate the relationship between serum OPG levels and LV myocardial stiffness in humans.
One potential limitation of our study is that we did not have clinical information about heart failure symptoms or outcomes, so we could not directly demonstrate the relationship between OPG levels and HFpEF status. Therefore, we have to consider the possibility that those with higher OPG levels may develop HFrEF as well as HFpEF. However, the results of our study revealed OPG levels were not associated with LV systolic function. A recently published study revealed a high frequency of HFpEF (73% of all heart failure) among African-Americans living in Jackson, Mississippi, where the current study was performed. 13 Furthermore, it has been reported that among consecutively registered AfricanAmericans with heart failure but without CAD, those with HFrEF and eccentric LV hypertrophy were younger, more frequently male, and had a shorter duration of hypertension as compared with those with HFpEF and concentric LV hypertrophy. 49 These findings appear to be in contrast to the classic paradigm of hypertensive heart disease, in which sequential evolution from concentric to eccentric hypertrophy was described. Thus, although we cannot completely deny the possibility that those with higher OPG levels may develop HFrEF, we speculate that those with higher OPG levels are more likely to develop HFpEF rather than HFrEF based on the known links to the observed clinical and echocardiographic characteristics. Another potential limitation of this study is that tissue Doppler imaging and LV myocardial strain by using speckle tracking imaging was not available in this study. Current echocardiographic guidelines recommend using several techniques to assess diastolic function comprehensively. On the contrary, few cohort studies have both measures of OPG and advanced assessment of diastolic function available. Last, the majority of participants were women (72%) and the mean BMI was greater than 30 kg/m 2 . It has been reported that the prevalence of HFpEF is higher among women than men. 50 Also, obesity is one of the emerging risk factors for HFpEF. 51 Thus, the characteristics of our study participants may be representative of patients with risk factors for HFpEF.
Conclusion
In a community-based cohort of African-Americans who were disproportionately affected by HFpEF, higher OPG concentration levels were associated with underlying characteristics consistent with HFpEF. Higher serum OPG levels independently associated with greater LV mass index, increased LV myocardial stiffness, and increased NT pro-BNP levels indicated that OPG may play an important role in the development of precursors to HFpEF.
Future studies that examine the potential influence of race differences on the relationships between OPG levels and cardiac structure and function will provide additional knowledge regarding the ability of OPG to serve as an early indicator of risk factors for HFpEF. Both human and animal studies evaluating the mechanistic connections between OPG and LV hypertrophy and wall stress are also warranted. Additional prospective studies will be required to better assess the association between OPG levels and the incidence of cardiovascular events including HFpEF. 
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